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In systemic lupus erythematosus, CD4þ T cells play key roles
in the initiation and promotion of autoantigen-specific
humoral immunity, and indirect evidence suggests that
T cells are pathogenic effectors in lupus nephritis. The
contribution of kidney-infiltrating T cells to nephritis,
however, has not been verified because of the difficulty
in directly analyzing organ-infiltrating T cells. Here, we
examined the pathogenic roles of autoreactive cytokine-
expressing CD4þ T cells from the kidneys of early nephritic
MRL/lpr mice. Interferon (IFN)-c-secreting cells were
enriched among CD5highCD4þ T cells found in the inflamed
kidneys. Using single-cell analysis of the T-cell receptor
(TCR)highCD5highCD4þ T cells from the kidneys of early
nephritic MRL/lpr mice, two IFN-c-expressing CD4þ T cell
clones, MLK2 and MLK3, were identified. CD4þ T cells
transduced with the T-cell receptor genes from each clone
responded to splenic dendritic cells in an MHC class II
–dependent manner, but not to B cells or macrophages.
MLK3-transduced CD4þ T cells proliferated in the spleens
of prenephritic mice, promoted nephritis progression upon
adoptive transfer, and enhanced the deposition of C3
without promoting anti-double-stranded DNA antibody
production. Thus, CD4þ T cells in the inflamed kidneys of
MRL/lpr mice contribute to nephritis progression.
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Systemic lupus erythematosus is an autoimmune disease
characterized by autoantibody production and multiorgan
damage. As many autoantibodies in systemic lupus erythe-
matosus exhibit high-affinity and somatic mutations,1,2 it is
supposed that the activation of autoreactive B cells is
preceded by the activation of autoreactive T cells, which
supply help signals to B cells. Nucleosomes, ribonucleo-
protein, and Sm are candidate targets for autoreactive T cells
in systemic lupus erythematosus.3–5 In a previous study,
nucleosome-specific T-cell clones induced the development
of lupus nephritis in lupus-prone mice.6 Although these
autoantibody-associated T cells are considered to exacerbate
lupus nephritis by enhancing autoantibody production, it is
unclear whether organ-infiltrating T cells directly contribute
to kidney inflammation.
T cells are pathogenic effectors in lupus glomerulone-
phritis.7 JHD-MRL/lpr mouse strain, a strain that lacks
circulating immunoglobulins but possess B cells expressing a
B-cell receptor transgene, suffer from renal disease.8 Treating
(NZBNZW) F1 mice with cytotoxic T-lymphocyte anti-
gen-4Ig and a suboptimal dose of cyclophosphamide resulted
in a significant delay in mortality without a reduction in
glomerular immune complex deposits.9 In NZM2328 mice,
early immune complex deposition and acute cellular
glomerulonephritis were found to be associated with
glomerular and periglomerular T-cell infiltration.10 However,
the pathogenicity of kidney-infiltrating T cells has not been
verified because of the difficulty in directly analyzing organ-
infiltrating T cells.
In this study, we aimed to identify pathogenic autoreactive
T-cell receptors (TCRs) in the kidneys of early nephritic
MRL/lpr mice via single-cell analysis. We focused on
interferon (IFN)-g as a pathogenic cytokine because the
deletion or inhibition of IFN-g and its receptor ameliorated
nephritis progression in MRL/lpr mice.11–13 IFN-g also
contributes to crescent formation and cell-mediated
immune injury.12–15 In human lupus, some researchers have
observed a skew toward T-helper (Th) 1 predominance in
proliferative glomerulonephritis.16,17 Moreover, polymor-
phisms in IFN-g or its receptor are associated with lupus
in some patients.18,19
We identified two TCRa- and b-chain pairs in IFN-g-
expressing CD4þ T cells from inflamed kidneys, and CD4þ
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T cells that had been transduced with either TCR pair
displayed autoreactivity to splenic dendritic cells (DCs).
Upon adoptive transfer to prenephritic mice, CD4þ T cells
that had been transduced with one of the identified TCR,
MLK3, promoted nephritis without enhancing autoantibody
titers. Our results suggest that CD4þ T cells in the kidneys of
MRL/lpr mice contribute to nephritis progression.
RESULTS
CD5 levels in the CD4þ T cells of the early inflamed kidney
First, we selected the T-cell surface molecules that are
associated with autoreactivity and IFN-g expression. Previous
studies of TCR transgenic mice reported that high CD5 and
TCR expression are reflective of high-avidity interactions
with self-peptide:major histocompatibility complex (MHC)
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Figure 1 | Identification of interferon (IFN)-cþCD5high CD4þT cells in the early inflamed kidneys of prenephritic MRL/lpr mice.
(a) Increased expression of CD5 in CD4þ T cells from the kidneys of prenephritic MRL/lpr mice. Histograms of CD5 expression in CD4þ
T cells were produced for the spleen, inguinal lymph nodes (LN), and kidneys of BALB/c and MRL/lpr mice. The mean fluorescence
intensities (MFIs) of the CD5þ population are indicated. Representative results of three independent experiments are shown. (b) IFN-g-
producing CD4þ T cells express high levels of CD5 in the kidneys of prenephritic MRL/lpr mice. CD4þ T cells stimulated with immobilized
anti-CD3 and anti-CD28 for 16 h were stained for IFN-g secretion. The plots indicate the IFN-g and CD5 expression of CD4þ T cells from
the indicated organs of BALB/c or MRL/lpr mice. Representative results of three independent experiments are shown.
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and are able to predict the survival/homeostatic expansion
capacity of CD4þ T cells.20,21 In mice expressing influenza
hemagglutinin and hemagglutinin determinant S1-specific
TCR, CD5 upregulation was a marker of their interaction
with the S1 self-peptide.22 Therefore, we hypothesized that
the autoreactive T cells in the early inflamed kidney would
exhibit increased CD5 expression levels.
We then compared the CD5 levels of CD4þ T cells from the
spleens and kidneys of control BALB/c and early nephritic MRL/
lpr mice. In the early nephritic MRL/lpr mice, the kidney CD4þ
T cells exhibited increased CD5 levels (Figure 1a). This was
consistent with previous studies that detected CD5 upregulation
in activated T cells23,24 and suggested that autoreactive T cells
respond to self-antigens in the early inflamed kidney. When the
association between CD5 expression and IFN-g production was
examined in kidney CD4þ T cells, an IFN-g-positive subset was
detected among the T cells with high CD5 levels in the kidneys
of early nephritic MRL/lpr mice (Figure 1b).
T-cell clonality was then compared according to the CD5
expression level in order to examine whether CD5highCD4þ T
cells are clonally different from total CD4þ T cells and
CD5lowCD4þ T cells. The reverse transcription PCR/single-
strand conformational polymorphism (SSCP) method for TCR
(TCR-SSCP) efficiently detects subtle nucleotide changes in the
complementarity determining region (CDR) 3 sequences of
clonally expanded T cells in vivo.25,26 When total CD4þ T cells,
CD5lowCD4þ T cells, and CD5highCD4þ T cells from the
nephritic kidneys of MRL/lpr mice were sorted and had their
T-cell clonality compared using TCR-SSCP analysis, most of
the dominant CD5highCD4þ T cells clonotypes were different
from those of the total CD4þ T cells and CD5lowCD4þ T-cell
populations (Figure 2). This indicated that CD5highCD4þ T
cells constitute a distinct clonal population that is different
from those of total CD4þ T cells and CD5lowCD4þ T cells.
Identification of Va2highCD5highCD4þ T-cell clones that
expand in the early inflamed kidney using single-cell sorting
Although the CD5highCD4þ T-cell population contained
IFN-g-secreting cells, not all of the CD5highCD4þ T cells
secreted IFN-g. We used the TCR expression level as an
additional indicator of autoreactivity because TCR expression
levels are also associated with avidity for the self-pepti-
de:MHC complex.21 To efficiently identify the TCRa chain
gene in single-cell analysis, we focused on CD4þ T cells that
express Va2, which is one of the major subfamilies of the
murine TCR Va chain. Interestingly, the frequency of
Va2highCD5highCD4þ T cells was increased in the kidneys
of the early nephritic mice, but not in the spleens or kidneys
of the prenephritic mice (Figure 3a). Single-cell sorting of
Va2highCD5highCD4þ T cells was performed to obtain pairs
of TCRa and b chains from single cells that had expanded in
the early inflamed kidney. In parallel, the total kidney
Va2þCD5þCD4þ T cell population was also sorted as a
reference group (Figure 3a).
The a-chain sequences of 85% of the sorted cells were
successfully determined in our single-cell analysis (Figure 3b).
The dominant Va2highCD5highCD4þ T-cell clones were
distinct from those of the total CD4þ T cells in the early
inflamed kidney. Although most of the Va2highCD5highCD4þ
T-cell clones were identified among the Va2þCD5þCD4þ T
cells, they were not the dominant clones in this population,
suggesting that the Va2highCD5highCD4þ T cells found in the
kidneys of MRL/lpr mice are a distinct T-cell population.
MLK2- and MLK3-transduced cells displayed strong auto-
reactive responses to CD11cþ DCs from prenephritic mice
The cytokine and Foxp3 gene expression levels of identified
single-cell clones were examined by two-step nested PCR.
Among the identified single cell clones obtained from
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Figure 2 | The dominant clonotype of the CD5highCD4þ T cells was different from those of the total CD4þ T-cell and CD5lowCD4þ
T-cell populations. Total CD4þ T cells, CD5lowCD4þ T cells, and CD5highCD4þ T cells were sorted from the kidneys of nephritic
MRL/lpr mice. The dot plot in the left panel shows the gates used for the sorting. The reverse transcription (RT) PCR was performed with
Vb- and Cb-specific primers for the complementary DNA of sorted cells, and the T-cell clonality of each group was analyzed by T-cell
receptor RT-PCR/single-strand conformational polymorphism analysis. Electrophoresis bands for Vb7 and Vb10 are depicted.
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Va2highCD5highCD4þ T cells, two clones exclusively ex-
pressed IFN-g, and these clones were designated MLK2 and
MLK3 (Figure 4a and b). The Va2-CDR3 sequence of MLK2
was identified in two single cell–sorted Va2highCD5-
highCD4þ T cell clones, and the MLK3 Va2-CDR3 sequence
was identified in one single cell–sorted Va2high
CD5highCD4þ T-cell clone and the total kidney Va2þ
CD5þCD4þ T-cell population. The CDR3 sequences of the
TCRb chains of MLK2 and MLK3 were determined by three-
step semi-nested PCR using a series of Vb1–19 primers
(Figure 4a). The same TCRb CDR3 sequence was identified
in the two MLK2 clones. Although the TCRb CDR3
sequence that paired with the MLK3 Va2-CDR3 sequence
from the total kidney Va2þCD5þCD4þ T-cell population
was not identified, the identity of the Va-CDR3 sequence in
different sources strongly suggested the in vivo clonal
expansion of MLK3.27 The full-length sequences of the
MLK2 and MLK3 TCRa and b chains were synthesized from
a combination of V, CDR3, and C region sequences using
heteroduplex PCR, as described previously.28 Furthermore,
the phenotypes of MLK2 and MLK3 were consistent with
Th1 because they did not express interleukin (IL)-4, IL-17,
IL-17F, IL-10, or the Foxp3 gene (Figure 4b). On the other
hand, there were differences in the distributions of these
clones. Although the Va2 CDR3 sequence of MLK2 was only
identified in Va2highCD5highCD4þ T cells, the Va2 CDR3
sequence of MLK3 was identified in both Va2þCD5þCD4þ
T cells and Va2highCD5highCD4þ T cells.
The complementary DNA (cDNA) of the MLK2a- and
b-chain, or the MLK3a- and b-chain, were subcloned into
a bicistronic retrovirus vector. After retroviral infection,
the transduction efficiency of the MLK3 clonotype was
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Figure 3 | The dominant clones of Va2high CD5high CD4þ single T cells were distinct from those of the total Va2þCD5þCD4þ T-cell
population in the early inflamed kidney. (a) Flow cytometry profiles of CD5 and Va2 staining gated on CD4þ cells in the spleen and
kidneys. To obtain the T-cell receptor a- and b-chain pairs of the clones that had expanded in the early inflamed kidneys from 12-week (wk)-
old MRL/lpr mice, single-cell sorting of Va2highCD5highCD4þ cells was performed (solid gate). The total Va2þCD5þCD4þ cell population
was sorted as a reference population (hatched gate). (b) The complementarity determining region (CDR) 3 sequences of the Va2highCD5high
CD4þ single T-cell clones and total Va2þCD5þCD4þ T cells from the early inflamed kidneys. The Va, N, and Ja sequences are indicated. As
a result, 116 sequences were identified for the total Va2þCD5þCD4þ T cells, and 34 clones were identified for the single Va2high CD5high
CD4þ T-cell clones. The number of identical sequences is indicated beside the sequences. For the total Va2þCD5þCD4þ T cells, sequences
that were repeated more than three times and nonrepetitive sequences that were identical to those found in the single Va2þCD5þCD4þ
T-cell clones are shown. c.p.m., counts per minute. Solid line boxed sequences are MLK2 and MLK3.
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determined using anti-Va2 and Vb10 antibodies (mean
clonotypic transduction efficiency: 20–30%; Figure 4c).
Although we could not determine the transduction efficiency
of the MLK2 clonotype owing to a lack of anti-mouse Vb1
antibody, the transduction efficiency of Va2 in MLK2 was
similar to that in MLK3 (data not shown). The MLK2- and
MLK3-transduced CD4þ T cells displayed a proliferative
response to the splenic DCs of prenephritic MRL/lpr mice,
whereas neither the splenic B cells nor macrophages induced
the proliferation of MLK2- or MLK3-transduced CD4þ T
cells (Figure 4d). When the MHC class II restriction of
autoreactivity was examined, it was found that anti-I-Ek
monoclonal antibody (mAb) blocked the proliferative
response of the MLK2-transduced CD4þ T cells to splenic
DCs. In contrast, the proliferative response of the MLK3-
transduced CD4þ T cells to splenic DCs was inhibited by
anti I-Ak mAb (Figure 4e). Therefore, the I-Ek molecule
presents the cognate antigen to MLK2, and the I-Ak molecule
presents the cognate antigen to MLK3. Although systemic
autoantigens were candidates for the antigen recognized by
inflammatory T cells in MRL/lpr mice, both the MLK2- and
MLK3-transduced CD4þ T cells failed to display enhanced
proliferation in response to the addition of nucleosomes in
the presence of DCs (Figure 4f).
Adoptive transfer of MLK3-transduced cells exacerbated
nephritis progression without increasing anti-double-
stranded (ds) DNA antibody production
We then examined the in vivo dynamics of MLK3-transduced
CD4þ T cells in prenephritic mice, as we were able to track
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Figure 4 |MLK2- and MLK3-transduced CD4þ T cells displayed major histocompatibility complex class II–restricted autoreactivity to
dendritic cells (DCs). (a) Complementarity determining region 3 amino-acid sequences of MLK2 and MLK3 TCRa/b chains identified from
Va2highCD5highCD4þ single T-cell clones in the early inflamed kidney. (b) Expression levels of interferon (IFN)-g, interleukin (IL)-4, IL-17, IL-
17F, IL-10, and the Foxp3 gene in MLK2- and MLK3-tranduced cells were determined by two-step nested PCR. (c) Representative results for
the retroviral transduction of MLK3 into MRL/lpr splenocytes. pMXW (mock)- or MLK3-transduced CD4þ T cells were stained for Va2, Vb10,
and CD4, and CD4-gated dot plots are shown. (d) Representative results for the autoreactivity of MLK2- and MLK3-transduced CD4þ T cells.
TCR-transduced CD4þ T cells were cultured with CD19þ B cells (white bar), F4/80þ macrophages (black bar), or CD11cþ DC (dark gray bar)
in 96-well plates. Proliferation was assessed by measuring 3H-thymidine incorporation. (e) Blocking effects of anti-I-Ek and anti-I-Ak
antibodies on the proliferative responses of MLK2 and MLK3 to splenic CD11cþ DC. CD11cþDC (white bar), CD11cþDC plus anti-I-Ek (black
bar), CD11cþDC plus anti-I-Ak (dark gray bar), and CD11cþDC plus anti-I-Ad (light gray bar). (f) Representative results for the proliferation of
MLK2- and MLK3-transduced CD4þ T cells in response to the addition of nucleosomes in the presence of DCs. TCR-transduced CD4þ T cells
were cultured with CD11cþ DC alone (white bar) or with CD11cþ DCs and nucleosomes (black bar) in 96-well plates. Their proliferation was
assessed by measuring their 3H-thymidine incorporation. The addition of nucleosomes did not result in a significant increase in proliferation
in the MLK2- or MLK3-transduced CD4þ T cells. (d–f) Results represent means±s.e.m. of triplicate wells. Data shown are representative of
three independent experiments with similar results.
Kidney International (2012) 82, 969–979 973
A Okamoto et al.: Kidney-infiltrating T cells in MRL/lpr mice o r ig ina l a r t i c l e
the MLK3-transduced cells using anti-Va2 and Vb10
antibodies. Mock- or MLK3-transduced CD4þ T cells were
labeled with carboxyfluorescein diacetate succinimidyl ester
(CFSE) and transferred to prenephritic mice via the tail vein.
Seven days after the transfer, the Va2þVb10þCFSEþCD4þ
T cells in the spleens of the MLK3-transferred mice displayed
lower CFSE fluorescence than the Va2þCFSEþCD4þ T cells
in the spleens of the mock-transferred mice (Figure 5a). The
Va2þVb10þCFSEþCD4þ T cells in the spleens of the
MLK3 group displayed significantly higher IFN-g expression
than the Va2þCFSEþCD4þ T cells in the spleens of the
mock-transferred mice (Figure 5b). Although the difference
in IFN-g expression between the groups was relatively small,
the strong T-cell activation upon retroviral gene transfer
might have been associated with elevated background IFN-g
expression in the mock-transduced cells. Furthermore, the
migration of MLK2- or MLK3-transduced CD4þ T cells to
the kidney was confirmed by the detection of the TCRa chain
sequence of MLK2 or MLK3 by PCR in the spleens and
kidneys of the MLK2- or MLK3-transferred mice (Figure 5c).
Next, the pathogenicity of the MLK2- and MLK3-
transduced cells was investigated in an in vivo transfer
experiment. Two million mock-, MLK2-, or MLK3-trans-
duced CD4þ T cells were intravenously transferred to
12-week-old prenephritic MRL/lpr mice. Intriguingly, the
MLK3-transferred mice developed nephritis earliest and
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Figure 5 |Proliferation of MLK3-transduced CD4þ T cells in the spleens of prenephritic mice. (a) Carboxyfluorescein diacetate
succinimidyl ester (CFSE)-labeled mock- or MLK3-transduced CD4þ T cells were transferred into prenephritic MRL/lpr mice. Seven days later,
the CFSEþVb10þCD4þ -gated (mock) or CFSEþVa2þVb10þCD4þ -gated (MLK3) cells in the spleen were analyzed. Representative dot
plots are shown in the upper panel. The mean percentages of dividing cells among the CFSEþVb10þCD4þ cells from the mock-transferred
mice and the CFSEþVa2þVb10þCD4þ cells from the MLK3-transferred mice are shown on the graph. The results represent the
means±s.d. of four mice. zA significant difference (Po0.001) compared with the mock-transferred mice. (b) CFSEþVa2þCD4þ cells from
the mock-transferred mice and CFSEþVa2þVb10þCD4þ cells from the MLK3-transferred mice were sorted, and their complementary DNA
was synthesized. Cytokine expression was examined by quantitative PCR. Results represent the means±s.e.m. of four mice. *A significant
difference (Po0.05) compared with the mock-transferred mice. (c) Nested PCR amplification of T-cell receptor (TCR) a-chain sequences from
the spleens and kidneys of mock-, MLK2-, and MLK3-transferred mice 1 week after the adoptive transfer (n¼ 5). Lane 1: pMXW; lane 2: pMX-
MLK2-TCR or pMX-MLK3-TCR vector as a positive control; lanes 3 and 4: mock-transferred mice; lanes 5 and 6: MLK2-transferred mice; lanes
7 and 8: MLK3-transferred mice. The size of the expected bands was 493 bp for both MLK2 and MLK3. Results from two representative mice
are shown. IFN, interferon; IL, interleukin.
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displayed the shortest survival among the three groups
(Figure 6a). The MLK3-transferred mice displayed severe
glomerulonephritis, mesangial proliferation, and thickening
of the capillary walls at 26 weeks of age (Figure 6b). C3
deposition was significantly enhanced in the kidneys of the
MLK3-transferred mice (Figure 6c). Although the difference
in IgG deposition between the mock- and MLK3-transferred
mice was not significant, there was a tendency toward
increased IgG deposition in the MLK3-transferred mice. In
accordance with the previous findings that Th1 cells activate
macrophages29 and macrophages have pathogenic roles in
murine lupus nephritis,30,31 macrophage infiltration was
enhanced in the kidneys of the MLK3-transferred mice
(Figure 6d). Although it was difficult to identify the TCRa
chain of MLK3 by flow cytometry or immunofluorescent
staining, the TCRa chain sequence of MLK3 was detected by
PCR in the spleens and kidneys of MLK3-transferred mice at
26 weeks of age (Figure 6e). The TCRa chain sequence of
MLK3 was not detected in the lungs or inguinal lymph nodes
of the MLK3-transferred mice, which was suggestive of the
kidney-specific accumulation of MLK3-transduced cells. In
contrast to the progression of nephritis, the IgG anti-dsDNA
antibody titers of the three groups were not significantly
different (Figure 6f). Moreover, the total IgG, IgG2a, and
IgG3 levels of the three groups were not significantly different
(Figure 6g). These results suggest that MLK3-expressing
CD4þ T cells significantly enhance nephritis progression
without affecting anti-dsDNA antibody production.
DISCUSSION
We demonstrated the nephritis-promoting effect of a kidney-
infiltrating CD4þ T-cell clone in lupus-prone mice.
Although it is difficult to isolate and culture cytokine-
expressing clones that have infiltrated a parenchymatous
organ, a combination of single-cell sorting and TCR
reconstitution could verify the pathological role of kidney-
infiltrating CD4þ T cells in lupus-prone mice.
In experimental autoimmune encephalomyelitis, different
levels of autoreactivity were produced by activating autoreactive
T cells in the central nervous system.32 In the aforementioned
study, highly pathogenic T cells were significantly activated
within the central nervous system to express IFN-g, and our
result is consistent with this observation. However, autoreac-
tivity and IFN-g expression are not sufficient for pathogenicity,
because only MLK3 was found to be pathogenic in our analysis.
The reasons for the differential effects of MLK2 and MLK3 are
not clear. Both the MLK2- and MLK3-transduced CD4þ T
cells failed to recognize nucleosomes and displayed autoreac-
tivity that was not related to autoimmune inflammation
because they exhibited similar degrees of proliferation to DCs
from MRL/lpr, MRL/þ , and haplotype-matched non-lupus-
prone C3H mice (data not shown). MLK2 and MLK3 might
recognize autoantigens that are irrelevant to humoral auto-
immunity, because the transfer of MLK2- and MLK3-
expressing T cells did not increase anti-dsDNA antibody titers
or the amount of total IgG.
Our observation that MLK3-transduced CD4þ T cells
enhanced the deposition of C3 without enhancing humoral
immunity is worth noting. IFN-g was suggested to contribute
to enhanced immune complex deposition in previous studies,
which found that the deposition of IgG and C3 was decreased
in the glomeruli of MRL/lpr mice lacking the IFN-g
receptor11 or IL-12p40.30 The more marked decrease in C3
deposition than in IgG deposition observed in these mice
might be in accordance with our results. It was reported that
IFN-g induces the expression of the high-affinity receptor for
IgG.33 Therefore, we speculate that IFN-g produced by
MLK3-transduced cells might promote kidney inflammation
and Fc-receptor expression to augment immune complex
deposition. However, the precise mechanism responsible for
the MLK3-induced augmentation of C3 deposition should be
investigated further.
We selected CD5 and TCR expression levels as indicators of
autoreactive cytokine-secreting T cells. However, several major
T-cell clones from the MRL/lpr kidney were not detected in
the single cell–sorted Va2highCD5highCD4þ T-cell popula-
tions. It is not clear whether the major clones in the MRL/lpr
kidney are stimulated in situ and express pathogenic cytokines.
The high expression levels of CD5 and TCRs did not correlate
with strong clonal expansion in the kidney (Figure 3b), and
there is a possibility that another combination of markers
could be used to identify the T-cell clones that expand most
and display the highest cytokine expression. Nevertheless, our
results indicate that CD5 and TCRs are useful markers for
identifying autoreactive pathogenic clones.
In previous studies, several antigen-specific TCRs were
obtained from hybridomas stimulated with antigen in vitro,
such as myelin basic protein-specific TCR,34 nucleosome-
specific TCR,3 and Type II collagen-specific TCR.35 Although
T cells with these TCR accumulate at inflammatory sites
upon adoptive transfer,36,37 it is not known whether they
reflect the true nature of autoantigen-specific TCRs at in vivo
inflammatory sites. Using our method, we were able to
address the pathological contribution of organ-infiltrating
T cells to inflammatory diseases.
In summary, we have identified pathogenic autoreactive
TCRs from the kidneys of early nephritic MRL/lpr mice via
single-cell analysis. Our results suggest that IFN-g-expressing
CD4þ T cells in the inflamed kidneys of MRL/lpr mice
contribute to nephritis progression. Our methods will enable
us to analyze the characteristics of inflammatory T cells that
have infiltrated parenchymatous organs.
MATERIALS AND METHODS
Animals
MRL/lpr and MRL/þ mice were purchased from Japan SLC
(Shizuoka, Japan). All animal experiments were conducted in
accordance with the relevant institutional and national guidelines.
Reagents, antibodies, and media
Fc block (anti-CD16/CD32) and the following purified mAbs were
purchased from BD Bioscience (San Jose, CA): FITC-conjugated
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anti-CD4 (L3T4), allophycocyanin-conjugated anti-CD4, PE-con-
jugated anti-Va2 (B20.1), FITC-conjugated anti-Vb10(B21.5),
FITC-conjugated anti-CD5 (53-7.3), PE-conjugated anti-CD5,
biotin-conjugated anti-CD11c (HL3), biotin-conjugated anti-CD19
(1D3), and biotin-conjugated anti-CD8a (53-6.7). Recombinant
murine IL-2 was obtained from R&D Systems (Minneapolis, MN).
The T cells and the packaging cell line Plat-E38 were cultured as
described previously.28,39,40
Cell purification
A CD4þ T-cell population was prepared by negative selection with
MACS (Miltenyi Biotec, Bergisch Gladbach, Germany) using biotin-
conjugated anti-CD19 mAb, biotin-conjugated anti-CD11c mAb,
and biotin-conjugated anti-CD8a mAb, followed by streptavidin-
conjugated MicroBeads (Miltenyi Biotec). CD11cþ DC and F4/80þ
macrophages were prepared as described previously.28,40 Briefly,
minced spleen cells were digested with collagenase type IV (Sigma-
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Aldrich, St Louis, MO), and single-cell suspensions were incubated
with anti-F4/80-biotin mAb (Caltag Laboratories) and anti-CD11c-
conjugated MicroBeads. After positive selection for CD11cþ cells, a
mean purity of 85% was achieved. The negative fraction was
additionally incubated with streptavidin-conjugated MicroBeads,
and F4/80þ macrophages were isolated with two rounds of positive
selection (490% purity). For CFSE labeling, the cells were
incubated with 5 mmol/l CFSE (Molecular Probes, Eugene, OR) for
5min at 37 1C. For the single kidney cell preparations, anesthetized
mice were killed by cardiac perfusion with phosphate-buffered
saline, and their minced tissues were digested in medium containing
type IV collagenase (Sigma-Aldrich), strained through nylon mesh,
and washed with phosphate-buffered saline. IFN-g secretion by
CD4þ T cells was evaluated using the mouse IFN-g secretion assay
detection kit (Miltenyi Biotec).
Single-cell sorting and cDNA synthesis
The CD4þ T cells from the MRL/lpr mouse kidneys were stained
with FITC-conjugated anti-Va2, PE-conjugated anti-CD5, and APC-
conjugated anti-CD4. The Va2highCD5highCD4þ T cells were sorted
at a ratio of one cell per well using an automatic cell-dispensing unit
driven by a FACS Vantage cell counter and the Clone-Cyt software
(BD Biosciences). RNA was extracted using an RNeasy Micro kit
(Qiagen, Valencia, CA). A modified version of the T7 antisense RNA
amplification method was used.41 Briefly, a ds cDNA library
containing a T7 RNA polymerase promoter site at its 50 end was
produced from the input messenger RNA and transcribed using T7
RNA polymerase. The process was repeated in a second round. For
the first round, the T7polyT primer, T7Ca30 primer, and T7Cb30
primer were used (primer sequences are listed in Table 1). Superscript
III (200U per reaction; Invitrogen, Carlsbad, CA) was then used to
synthesize cDNA in the presence of RNasin (Promega, Madison, WI)-
containing buffer for 60min at 50 1C. The second strand was
synthesized, and the cDNA was purified as described previously.41
The ds cDNA carrying the T7 RNA polymerase promoter was
transcribed using an Ampliscribe transcription kit (Epicentre,
Madison, WI), and the resultant RNA was purified using an RNeasy
kit (Qiagen). cDNA was synthesized using random hexamers
(Invitrogen) and Superscript III followed by second-strand synthesis.
Identification of TCR gene sequences
The TCRa and b genes were identified by three-step nested or semi-
nested PCR, as described.39 The primers used for the TCRa
amplification are listed in Table 1. The following primers were used
for the TCRb amplification: the BV1-19 primers used for the TCR-
SSCP analysis, and the CB-1st primer, CB-2nd primer, and CB-3rd
primer. Foxp3 and cytokine (IFN-g, IL-4, IL-17, IL-17F, and IL-10)
gene expression levels were assessed by two-step nested PCR. The
primer pair sequences are listed in Tables 1 and 2. The CDR3
sequences of the MLK2 and MLK3 TCRa chains were combined
with the Va2 and Ja39-Ca sequences and Va2 and Ja42-Ca
sequences, respectively, using heteroduplex PCR, as described.28 The
CDR3 sequences of the MLK2 and MLK3 TCRb chains were
combined with the Vb1 and Jb1.4-Cb sequences and Vb10 and
Jb2.5-Cb sequences, respectively.
Single-strand conformational polymorphisms
The SSCP study was conducted as described previously.25,42
Vector construction and retroviral gene transfer
The vectors pMX-MLK2-TCR (pMX-MLK2a-internal ribosome
entry site (IRES)-MLK2b) and pMX-MLK3-TCR (pMX-MLK3a-
IRES-MLK3b) were constructed and used to transduce the
desired TCR clonotype into activated CD4þ T cells. The full-length
sequences of the MLK2 and MLK3 TCRa and b chains were
synthesized from a combination of the V, CDR3, and C region
sequences using heteroduplex PCR, as described previously.28
Retroviral gene transfer was performed as described previously.28,40
In brief, total splenocytes were cultured for 48 h in the presence of
concanavalin A (10 mg/ml) and mIL-2 (50 ng/ml; R&D Systems),
and stimulated splenocytes were cultured in each well of retrovirus-
coated 24-well plates for 36 h. The TCR-transduced CD4þ T-cell
proliferation assay was performed.43
Real-time PCR
Real-time quantitative PCR was performed using the SYBR Green
Master Mix (Qiagen) and an iCycler (Bio-Rad, Hercules, CA).
Primer pairs were selected as described previously for glyceral-
dehyde 3-phosphate dehydrogenase, IFN-g, and IL-4.39 The PCR
Figure 6 |MLK3-transduced CD4þ T cells promoted nephritis without inducing a significant elevation of the anti-double-stranded
(ds) DNA antibody titer upon adoptive transfer to prenephritic MRL/lpr mice. (a) Two million mock-, MLK2-, or MLK3-transduced
CD4þ T cells were intravenously transferred to 12-week (wk)-old MRL/lpr mice. Cumulative proteinuria progression and survival are
shown. *Po0.05 compared with the mock-transferred mice according to the Kaplan–Meier method. (b) Histological evaluation of
glomerulonephritis in mock-, MLK2-, or MLK3-transferred mice at 26 weeks of age. Kidney sections from mock-, MLK2-, or MLK3-transferred
mice were stained with hematoxylin and eosin. The degree of tissue damage was graded as described in Materials and Methods. Values are
shown as the mean and s.d. index of glomerular lesions (IGL; 40 random glomeruli per kidney) or index of vascular lesions (IVL; all vessels in
the section; n¼ 6). *A significant difference (Po0.05) compared with the mock-transferred mice. wA significant difference (Po0.01)
compared with the mock-transferred mice. No significant difference was observed between the MLK2- and MLK3-transferred mice.
(c) Kidney sections from mock-, MLK2-, or MLK3-transferred mice stained with anti-IgG or anti-C3 at 26 weeks of age (n¼ 5). Representative
immunofluorescent staining of C3 and IgG is shown. The mean±s.e.m. of semiquantitative scoring of IgG and complement C3 deposits is
shown at the right panel. *A significant difference (Po0.05) compared with the mock-transferred mice. No significant difference was
observed between the MLK2- and MLK3-transferred mice. (d) The numbers of F4/80þ macrophages in the glomerular, perivascular, and
interstitial regions were assessed in the mock- and MLK3-transferred mice (n¼ 5). Values are shown as the mean±s.e.m. wA significant
difference (Po0.01) compared with the mock-transferred mice. (e) Nested PCR amplification of TCRa chain sequences from the spleen,
kidneys, inguinal lymph nodes (LN), and the lungs of mock- or MLK3-transferred mice at 26 weeks of age (n¼ 5). Lane 1: pMXW; lane 2:
pMX-MLK3-TCR vector; lanes 3 and 4: spleen; lanes 5 and 6: kidneys; lanes 7 and 8: inguinal LN; lanes 9 and 10: lungs. The size of the
expected bands was 493 bp. Results for two representative mice are shown. (f) Serum anti-ds DNA antibody levels of the three experimental
groups at 12, 16, and 20 wk of age. No significant difference was observed among the three groups at any time point. (g) Serum IgG, IgG2a,
and IgG3 levels of the three experimental groups were measured at 12 and 20 wk of age. No significant difference was observed among the
three groups.
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parameters were 95 1C for 15min, followed by 50 cycles of 95 1C for
30 s, 52 1C for 30 s, and 72 1C for 60 s.
Nested PCR amplification of TCRa chain sequences
Messenger RNA extraction from the mouse organs and cDNA
preparation was performed as previously described.39 The CDR3
sequences of the MLK2 and MLK3 TCRa chains in the mouse
organs were determined by two-step semi-nested PCR.39 In the first-
step PCR, the nucleotide sequence of the section of RNA from the
pMX-vector sequence upstream of the multiple cloning site to the
TCR Ca sequence was amplified with the 50 Dan-FW primer
(50-CACCGCCCTCAAAGTAGACG-30) and 30 CA-RV primer
(50-CACATTGATTTGGGAGTC-30). In the second-step PCR, the
nucleotide sequence of the RNA section from the pMX-vector
sequence upstream of the multiple cloning site to the TCR CDR3
sequence of MLK2 or MLK3 was amplified with the 50 Dan-FW
primer (50-CACCGCCCTCAAAGTAGACG-30) and 30-MLK2AV2
CDR3-RV primer (50-ATCTTGTTTGCATAGCCCCC-30) or the 30-
MLK3AV2CDR3-RV primer (50-TTGCTGAAGGAGGAGGTTTC-30),
respectively.
ELISA
IgG anti-DNA antibodies were measured as previously described.39
Evaluation of nephritis
Kidney sections were stained with hematoxylin and eosin and
periodic acid–Schiff reagents. Glomerular lesions and renal vascular
lesions were graded on a scale of 0–3.40,44,45 Semiquantitative scoring
of IgG and C3 deposits from 0 to 3 was performed in 15 cortical
glomerular sections after immunofluorescent staining, as de-
scribed.30,46 To quantify the number of infiltrating macrophages,
cryostat-sectioned kidneys were stained with PE-conjugated anti-F4/
80 mAb (Caltag Laboratories).39 Glomerular lesions were evaluated
by counting F4/80-positive cells in 40 random glomeruli per kidney.
Perivascular lesions were evaluated by counting F4/80-positive cells
in all vessels per section. Interstitial lesions were evaluated by
counting F4/80-positive cells in 10 randomly selected high-power
fields as described.29 Proteinuria was measured with Albstics
(Siemens, Erlangen, Germany) according to the manufacturer’s
instructions.
Statistics
For comparisons between two groups, the Student’s t-test or
Mann–Whitney U-test was used. For comparisons among three
groups, one-way analysis of variance or two-way repeated-measures
analysis of variance with Bonferroni’s post-hoc test was used. The
proteinuria and survival data were analyzed using Kaplan–Meier
curves and the log-rank test. GraphPad Prism (GraphPad Software,
San Diego, CA) was used to analyze the data. Differences were
considered significant when Po0.05.
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Table 1 | List of primers for the T7 antisense RNA amplification and single-cell analysis
Primer name Sequence (50-30)
T7polyT TCTAGTCGACGGCCAGTGAATTGTAATACGACTCACTATAGGGAGATTTTTTTTTTTTTTTTTTTTT
T7Ca30 TCTAGTCGACGGCCAGTGAATTGTAATACGACTCACTATAGGGAGAGTCCAGCACAGTTTTG
T7Cb30 TCTAGTCGACGGCCAGTGAATTGTAATACGACTCACTATAGGGAGACCTGGCCAAGCACACGAG
AV2-1st TGACAGTCTGGGAAGGAG
AV2-2nd AAAAGGAAGATGGACGAT
AV2-3rd ATAAAAGGGAGAAAAAGC
CA-1st ATGAACGTTCCAGATT
CA-2nd CACATTGATTTGGGAGTC
CA-3rd GTCGGTGAACAGGCAGAG
CB-1st GGTAGCCTTTTGTTTGT
CB-2nd TCTCTGCTTTTGATGG
CB-3rd GGCTCAAACAAGGAGACCTTG
Table 2 | List of primers for two-step nested PCR
Primer name FW primer sequence (50-30) RV primer Sequence (50-30)
IFN-g 1st CTGTGATTGCGGGGTTGTAT ATATGCAATTAGACAGTGAT
IFN-g 2nd CCAAGCGGCTGACTGAACTC GAGCGAGTTATTTGTCATTC
IL-4 1st CACGGATGCGACAAAAAT TGCATGATGCTCTTTAGG
IL-4 2nd AAACGTCCTCACAGCAAC GTGATGTGGACTTGGACT
IL-17 1st TTGTTTTTCTGTGGACTTTA TTTTTAAAACAGAGTAGG
IL-17 2nd AGACAAAATTCAAGACTCAG TCACCCCATTCAGAGGAGAG
IL-17F 1st GACTCTCAGTAAGGTGTGC GCTTCTTCCTTGCCAGTCCAG
IL-17F 2nd GAACTTTCTGGCTTGCTTTAG ATTCTGATTATGTTTGTTTTC
IL-10 1st TGTTTAAGCTGTTTCCATTG GCTACAAAGGCAGACAAACA
IL-10 2nd TATATGATGGGAGGGGTTCT GGGATGACAGTAGGGGAACC
Foxp3 1st CTAGGCCCCAAGCAACAGTG TCAGGCACACTCCAACACAT
Foxp3 2nd TCACAGAGGGGCAGGCAACA CACAGGGACTTTATGCTCAC
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